Magnetic skyrmions are chiral spin textures which hold great promise as nanoscale information carriers. Their recent observation at room temperature and their fast current-induced manipulation in multiple repetitions of heavy metal/ferromagnetic stacks have lifted an important bottleneck towards the practical realisation of skyrmion-based devices. However, the complex spin textures and large power dissipation in these multilayers limit their practical implementation as well as the fundamental understanding of the skyrmion dynamics. Here, we report on the current-driven motion of skyrmions in an ultrathin Pt/Co/MgO model system. We find that skyrmions with diameters in the 100 nm range can move at speeds up to 100 m.s −1 . Our experiments also reveal that the skyrmion Hall effect is markedly drive-dependent. These observations are well substantiated both by a simple analytical model and micromagnetic simulations, which highlight the important role of pinning in the skyrmion dynamics.
Magnetic skyrmions are fascinating spin textures which have recently attracted a considerable attention. Their peculiar topology and nanometre size confer them quasiparticle-like properties that, combined with their ability to be moved by means of an electrical current, make them promising candidates to store and manipulate information. They are envisaged to be information carriers in racetrack memories [1] and logic devices [2] combining high density, thermal stability and high data flow. Among the different classes of materials hosting skyrmions, sputtered multi-layered stacks comprising ultrathin Heavy Metal (HM)/Ferromagnet (FM) layers combine several interesting features. Their structural inversion asymmetry along with the large spin-orbit coupling of the heavy metal lead to a large interfacial Dzyaloshinskii-Moriya Interaction (DMI), a key ingredient in the skyrmion stabilisation that ensures their homochirality and Néel nature [3] . In addition, the current-induced Spin-Orbit Torques (SOTs) in these systems are expected to provide an efficient way to drive the skyrmions [4] . In recent years, a concerted effort has lead to the observation of stable magnetic skyrmions under ambient conditions in these structures [5] [6] [7] [8] [9] [10] [11] [12] [13] as well as their current-driven motion [5, 8, 12] . Their topological properties affect their dynamics in a non-trivial manner. Notably, due to their quantised topological charge, magnetic skyrmions are subject to the so-called Skyrmion Hall Effect (SkHE) [14, 15] * Corresponding author : olivier.boulle@cea.fr which leads to their deviation from the trajectory imposed by the current. This dynamical signature of their topology needs to be characterised and taken into account for future applications. Numerous studies have been focusing on multilayers with a large number of repetitions. In particular, fast motion (≥ 100 m.s −1 ) of small skyrmions (≈ 100 nm) has been reported in [Pt/CoFeB/MgO] 15 [8, 15] . However, in these strayfield-coupled multilayers, the large dipolar fields can dominate the DMI and stabilise skyrmions with hybrid chiralities across the film thickness [16] [17] [18] , making their dynamics complex to model [19, 20] . A larger Joule dissipation is also expected since it scales with the total film thickness. Therefore, the demonstration of fast current-driven skyrmion motion in ultrathin film systems is a prerequisite for the development of skyrmion-based devices and for a simple understanding of their dynamics.
Here we report on the observation of the current-driven dynamics of isolated magnetic skyrmions in an ultrathin Pt/Co/MgO film using X-ray Magnetic Circular Dichroism (XMCD) microscopy. In a previous work, this model system was shown to exhibit a large interfacial DMI and to host homochiral Néel skyrmions at room temperature [7] . We find that skyrmions with diameters in the 100 nm range can move at speeds up to 100 m.s −1 . The complete characterisation of the stack and the simple skyrmion spin structure in our ultrathin film allows a direct comparison with the prediction of a simple analytical model based on the Thiele equation and to identify its limitations. Micromagnetic simulations including inhomogeneities in the material reveal that pinning greatly impacts the skyrmion dynamics at low drive current and can explain the observed drive-dependence of the skyrmion velocity and the SkHE.
RESULTS AND DISCUSSION

Experimental observation of the skyrmion motion
The current-driven motion of magnetic skyrmions in Pt/Co(0.9nm)/MgO is studied using high lateral resolution XMCD-PEEM in 3-µm-wide tracks (see Methods) as represented in Fig.1. a. An external out-of-plane magnetic field µ 0 H z = -5 mT is applied on the initially demagnetised configuration, which stabilises skyrmions with a core magnetised along +ẑ. In Fig.1 .b-e and Fig.1 .f-j, two sequences of images display the characteristic current-driven motion of the skyrmions. Between each acquisition, a single 11 ns current pulse of amplitude J = 5.6×10 11 A.m −2 is injected along +x. Overall, some skyrmions exhibit a net motion of several hundreds of nm along the current direction, that is, against the electron flow (yellow and orange circles). The same directionality is also observed for skyrmions with the opposite core polarity, when H z >0. In addition, these skyrmions experience a net motion perpendicular to the current direction, which is the signature of the SkHE. This kind of motion is consistent with the current-driven dynamics of left-handed Néel skyrmions governed by the Spin Hall Effect (SHE), as discussed in the next section. However, it also exhibits a stochastic character, with events of nucleation (black circle) and annihilation (red and blue circles). In addition, the sequences b-e and f-j reveal that the skyrmions displacements are not identical between each current pulse. Finally, some skyrmions appear distorted after a current pulse and sometimes acquire an elongated shape. This stochastic behaviour can be attributed to the presence of pinning sites obstructing the skyrmion motion.
This local disorder can also explain the large dispersion observed in the skyrmion size and shape [21, 22] with a measured average effective diameter d Sk = 156 ± 60 nm (see Suppl. Info. S.1.4).
Despite this irregular motion, systematic measurements of the current-induced displacements averaged over a large number of skyrmions allow to extract an average skyrmion velocity and Skyrmion Hall Angle (SkHA) -namely the angle Θ SkH between the current and the skyrmion motion directions (see Fig.2 .a-c). Fig.2 .d displays the dependence of the skyrmion velocity with the current density. It is calculated as the total displacement divided by the measured pulse width (8 ns and 11 ns in our experiments) and then averaged over multiple events at the same current density. It should be mentioned that all the skyrmion displacements were measured after a single current pulse. Since the skyrmions motion is hampered by pinning, the injection Current-driven skyrmion motion in Pt/Co/MgO | a. Scanning electron micrograph (SEM) of the device consisting of a 3-µm-wide Pt/Co(0.9nm)/MgO track contacted with gold pads for the current injection. A XCMD-PEEM image (black dashed rectangle) showing isolated skyrmions in the track is superimposed on the SEM. b-e. and f-j. Two distinct sequences of XMCD-PEEM images. Each image was acquired after a single 11 ns current pulse. In both cases, the charge current is flowing along +x with J = 5.6×10 11 A.m −2 . The applied magnetic field is µ0Hz = -5 mT.
of multiple current pulses between each acquisition may lead to an unrealistic estimation of the velocity and the direction of motion, for example if a skyrmion reaches a strong pinning site preventing further motion. Note that below a certain current density, highlighted by the shaded area in Fig.2 .d, no significant displacement is observed after a single current pulse. Above J = 3.5×10 11 A.m −2 , the skyrmion velocity increases monotonically with the current density and reaches 100 m.s −1 for J = 6.8×10 11 A.m −2 . This value is comparable to the largest velocities recorded for skyrmions of similar size in HM/FM stacks with multiple repetitions [8] . However, the use of a single repetition allows to lower power dissipation by one order of magnitude. Furthermore, as previously mentioned, the current injection also leads to a motion perpendicular to the current direction. The direction of deflection with respect to the current Table I for α = 0.39 and α = 0.27, respectively. The error bars denote the sum of the systematic measurement error and the standard deviation originating from the dispersion in the skyrmion displacement and trajectories for identical current densities. The shaded areas highlight the regime for which no significant displacement is observed after a single current pulse.
direction is unchanged when reversing the current direction (see Fig.2 .a-c), which is characteristic of the SkHE. The measurements ( Fig.2 .e, black squares) reveal that the SkHA depends on the skyrmion velocity and exhibits a monotonic increase up to approximately 50°.
In the following, we discuss and interpret these results in the light of the Thiele model as well as micromagnetic simulations. For this purpose, we realised a detailed characterisation of the static and transport properties of the Pt/Co/MgO stack to approach a quantitative comparison with the experimental results. Comparison with the analytical model
The experimental results are first compared with the prediction of the Thiele equation [23] , which captures well the dynamics of magnetic skyrmions. Under the assumption that the skyrmions behave as rigid spin textures, the steady-state velocity v results from an equilibrium between different forces acting on the skyrmion :
Here, F DL is the force due to the current injection. In the case of HM/FM ultrathin films, the force results from the action of the so-called Damping-Like Spin-Orbit Torque (DL-SOT) : the charge current flowing in the Pt layer is converted into a spin current due to the SHE. The spin accumulation at the Pt/Co interface leads to a torque acting on the Co magnetisation. In the case of Pt/Co/MgO, since the Spin Hall Angle (SHA) is positive for Pt [24] and skyrmions are of Néel type and exhibit a left-handed chirality [7] , the symmetries of the DL-SOT impose that the resulting force drives the skyrmion in the current direction (i.e. opposite to the electron flow) [12] . In addition, the topology of the skyrmion leads to a gyrotropic force, G × v, where G = Gẑ is the gyrovector, whose sign depends only on the topological charge N Sk , with G ∝ N Sk [23, 25] . For instance, in Fig.2 .a-c, G points in the −ẑ direction. This second term thus describes the SkHE. The third term describes the dissipative force with D the dissipative tensor and α the Gilbert damping parameter. Although simple, this equation captures most of the physical ingredients that drive the skyrmion dynamics and is particularly relevant in our ultrathin films with a homogeneous homochiral Néel spin configuration across the film thickness. Assuming that the skyrmion has a radial 360°Bloch wall profile [26] , a rotational symmetry, and that its radius R is much larger than the Domain Wall (DW) width parameter ∆ (R ≫ ∆), the skyrmion velocity and the SkHA can be written as follows [12, 27] : 
Here, γ is the gyromagnetic ratio, α the Gilbert damping parameter, J the current density flowing in the Pt layer and C DL the effective field (per unit current density) associated with the DL-SOT (see Methods). We use the parameters listed in Table. I. The analytical solution for the velocity is plotted in Fig.2 .d (red solid line) : it reveals a relatively good agreement with the experimental data at high current density considering that the velocity depends critically on all the aforementioned parameters. Nevertheless, we observe that the experimental values are smaller than the one predicted by the Thiele equation at low current density. A similar observation was pointed out in the study of the current-driven dynamics of DWs in Pt/Co/AlO x ultrathin films [28] . It can be accounted for by the effect of pinning on the skyrmion dynamics, not taken into account in this simple model, which is expected to lead to a thermally activated regime at low drive current, characterised by smaller velocities. This indicates that the skyrmion dynamics in our experiments is in a depinning regime and points at the existence of a flow regime for the largest current densities injected.
Concerning the SkHA, we find a value Θ SkH = 37°± 13°using equation (3). The uncertainty includes the uncertainty on the skyrmion radius. Note that this value is independent of the skyrmion velocity or the applied current, in sharp contrast with our observations as well as previous experimental studies [14, 15] . This disagreement with the experiments can also be explained by the presence of pinning sites [29] [30] [31] . The calculated SkHA (i.e. the steady-flow SkHA) is found to be smaller than the maximum measured values (see Fig.2 .e, red solid line). However, as detailed in the next section, one expects the SkHA to tend towards the calculated value for large skyrmion velocities. Note that the damping is a key parameter in the calculation of the skyrmion velocity and the SkHA. Here, we used the value α = 0.39. It was extracted from field-induced DW dynamics measurements in a Pt/Co(0.65nm)/MgO film (see Suppl. Info. S.1.5). This value is in good agreement with previous DW dynamics experiments in ultrathin Pt/Co/Pt [32] and Pt/Co/AlO x [28, 33] films but also with that found using other techniques [34] . To explain such large damping values, besides the contributions of surface roughness [35] and spin pumping into the Pt layer [36] , the presence of Rashba spin-orbit coupling is also predicted to enhance the damping [37] . This additional contribution can be expected in our stack considering the non-negligible Field-Like (FL) SOT (see Table I ) and can lead to a significant reduction of the DW and skyrmion velocity as well as the SkHA [38] . We note that the damping parameter was measured in a stack with a slightly thinner Co layer, which is required to stabilise larger domains and drive DWs with an external field. In a thicker Co layer, the different interfacial contributions to the damping mentioned above are expected to decrease. The simplest approximation to account for the change in the Co thickness is to assume that α ∼ 1/t, leading to α = 0.27 for the Pt/Co(0.9nm)/MgO film used to study the skyrmion dynamics. Accounting for this correction leads to an enhancement of the calculated skyrmion velocity and SkHA (see Fig.2 .d and e, red dashed lines) that provides a better agreement with the experimental results .
Micromagnetic Simulations
To go beyond the assumptions and limitations of the analytical model, we performed accurate micromagnetic simulations using the experimental parameters listed in Table I and including both DL-SOT and FL-SOT. The simulations were carried out using the micro3D code [39] (see Methods). Fig.3 .a and b show snapshots of the skyrmion dynamics in a FM track during the application of a current with J = 2.8×10 11 A.m −2 and 6.5×10 11 A.m −2 respectively. As indicated by the red arrow, the current is tilted by 45°with respect to the track direction so that the skyrmions move along the track. The simulations reveal that the skyrmion experiences an expansion accompanied by a deformation that becomes more pronounced with increasing driving current. This effect is purely dynamical : when the current is turned off, the skyrmion shrinks back to its original size and recovers its rotational symmetry. In addition, we find that this deformation is independent of the FL-SOT and is therefore only due to the DL-SOT (see Suppl. Info. S.2.2). To highlight this effect, we calculated the effective skyrmion size, defined as the total area for which m z > 0, normalised by the skyrmion area at rest. Fig.3 .c displays its evolution with the current density. It shows that the skyrmion size increases significantly, in contradiction with the rigid-core assumption of the Thiele model. We note that the simulated skyrmion size matches that of the observed skyrmions and it is significantly larger that the one considered in most studies [4, 15, 30, 31] , which could explain why this dynamical effect had not been emphasised before. Sequences of snapshots showing the current-driven dynamics of a skyrmion in an ideal disorder-free film with a. J = 2.8×10 11 A.m −2 and b. J = 6.5×10 11 A.m −2 (scale bar is 100 nm). c. Evolution of the skyrmion size as a function of the applied current density (at 5 ns). The size is defined as the area for which mz > 0 (in red) normalised by the area at rest. d. Sequence of snapshots in a disordered film. The dark grains are region of higher anisotropy and the bright grains those of lower anisotropy. e-f. Summary of the trajectories recorded for different grain distributions for e. J = 2.8×10 11 A.m −2 and f. 6.5×10 11 A.m −2 . The blue dotted lines indicate the skyrmion trajectories in the disorder-free scenario. The position of deformed skyrmions is defined as that of their barycentre. The simulations were performed for the experimental parameters listed in Table I with the applied field µ0Hz = -5.4 mT.
To quantify the dynamics of a non-circular skyrmion, we define its position as that of its barycentre. The obtained skyrmion velocity and SkHA are plotted as blue dots in Fig.4 .a and b respectively. Remarkably, the simulations are in very good agreement with the simple prediction of the analytical model (red line). This highlights the relevance of discussing our experimental results in the light of the Thiele model. In addition, it points out that the effect of the FL-SOT, which is not taken into account in the model, is not significant in our system. Surprinsigly, the DL-SOT-induced expansion/deformation does not alter significantly the skyrmion dynamics in the range of current density considered, in spite of the large increase in the skyrmion size ( Fig.3 .c). Therefore, this effect cannot account for the evolution of the skyrmion velocity and SkHA observed experimentally (Fig.2) . We note that a mechanism based on the action of the FL-SOT has been proposed to explain the observed velocity-dependence of the SkHA [15] . However, our micromagnetic simulations including both SOTs with realistic relative amplitudes show no significant effect of the FL-SOT (see Suppl. Info. S.2.2). Note finally that the Oersted field may also impact the measured SkHA as it generates a force on the skyrmion perpendicular to the current direction. For skyrmions with a core magnetised along +ẑ, which corresponds to the condition of most of our experiments, this force is opposite to the gyrotropic force [12] . Thus, besides being of negligible amplitude, it may only reduce the measured SkHA and therefore cannot explain the pronounced drive-dependence observed experimentally ( Fig.2.e ).
Another explanation to account for our experimental results is the presence of pinning sites in the material [29] [30] [31] . To include such an effect, we introduced disorder, modelled by a distribution of grains with different anisotropies (see Methods) [30, 40, 41] . This approach was shown to provide a good qualitative agreement with experimental observations of the skyrmions statics under applied field [21, 22, 42] . Fig.3 .d displays the motion of a skyrmion for a given disorder configuration and for J = 6.5×10 11 A.m −2 . It reveals that the skyrmion experiences an additional dynamical deformation due to the local variation of anisotropy that creates minima for the DW energy. This makes it difficult to draw a distinction between the two contributions, namely that of the DL-SOT and that of the disorder. The skyrmion at rest is also distorted since it relaxes on an inhomogeneous energy landscape, explaining the (static) deformation of some skyrmions in Fig.1 [21, 22, 42] . Fig.3 .e and f display the skyrmion trajectories recorded for different grain distributions and for J = 2.8×10 11 A.m −2 and J = 6.5×10 11 A.m −2 , respectively. The blue dotted lines represent the trajectory in the absence of disorder that deviate slightly from linearity due to the skyrmion deformation. The first plot reveals a stochastic dynamics, with a large dispersion in the direction of motion. In some cases, the skyrmions are stopped on a strong pinning site preventing further motion. For larger current densities, the number of such events decreases and the trajectory approaches that of the ideal case. This is emphasised in Fig.4 .a, which shows the skyrmion velocity as a function of the current density in the ideal case (blue dots) and the disordered case (black stars).
The disorder introduces different regimes in the skyrmion dynamics : at low driving current, the average velocity, calculated from the total displacement after 8 ns computation time, is close to zero. This creep regime is highlighted by the shaded areas in Fig.4 . At higher current density, the force due to the current becomes large compared to the pinning force and the velocity increases and finally reaches the disorder-free velocity, defining the flow regime. This behaviour is analogous to that of current-driven DWs [28] and points out that care should be taken when interpreting the regime of the skyrmion dynamics. In the creep regime, a reduction in the average SkHA is observed. Upon increasing driving force, the SkHA increases monotonically and converges to the disorder-free SkHA in the flow regime. These results can be understood as follows : the pinning can be viewed as a force acting opposite to the ideal skyrmion motion direction [43] , thus lowering its velocity. The gyrotropic response to this force will deviate the skyrmion from its initial trajectory in a direction transverse to this pinning force, according to the second term of equation (1). This effect, referred to as extrinsic SkHE [30] , prevails at low current density and becomes negligible as the force due to the current becomes sufficiently large as compared to the pinning force.
These results are in good agreement with our observations and strongly suggest that the observed drivedependence of the skyrmion velocity and the SkHA is largely due to the pinning. Note that only the nonshaded areas in Fig.4 are to be compared with the experimental results in Fig.2 . Although the critical current densities and skyrmion velocities for which the depinning and flow regimes are reached depend on the choice of disorder parameters [30, 31] , this approach constitutes a good qualitative description of the pinning effect on the current-driven skyrmion motion. Qualitatively, the micromagnetic simulations reveal that the disorder-free velocity and SkHA constitute upper bounds for the velocity and SkHA in disordered systems. This supports the aforementioned assumption of a lower damping in our film, which would increase the disorder-free velocity and SkHA (Fig.2 , red dashed lines), leading to an excellent agreement with the simulations. Therefore, it confirms that the observed skyrmion dynamics is in a depinning regime and that the flow regime is reached for the largest current densities.
CONCLUSION
To conclude, we studied the current-driven dynamics of small magnetic skyrmions in an ultrathin Pt/Co/MgO film at room temperature. Our measurements reveal a fast motion (100 m.s −1 ) and a drive-dependent skyrmion Hall effect. A detailed characterisation of the film properties, including notably a measurement of the SOTs governing the dynamics, allows to compare quantitatively the experimental results to the prediction of the Thiele model, particularly relevant in an ultrathin film. Micromagnetic simulations including the experimental parameters show an excellent agreement with the model and predict well the experimental skyrmion velocity and deflection in the flow regime. Our experiments underline that the skyrmion dynamics is significantly affected by pinning effects. The introduction of local disorder in the simulations allows to account very well for the observed drive-dependence of the skyrmion velocity and the skyrmion Hall angle and to identify the different regimes of the dynamics. Our results shed light on the currentdriven skyrmion dynamics in ultrathin films. The demonstration of fast motion of small skyrmions in nm-thick films at room temperature is an important step towards the development of low-power skyrmion-based devices.
METHODS
Sample preparation
The Ta(3)/Pt(3)/Co(0.6-1.1)/MgO(0.9)/Ta(2) (thicknesses in nm) film was deposited by DC magnetron sputtering at room temperature on a 100-mm high-resistivity Si wafer and annealed at 250C under vacuum for 10 min. The Co layer was deposited as a wedge, which allows to find the skyrmion stability zone in the spin reorientation transition : a region corresponding to approximately t Co = 0.9 nm (see Suppl. Info. S.1.1). The tracks were patterned using electron beam lithography and ion beam etching and contact pads consisting of Ti(10nm)/Au(100nm) for the current injection were patterned using UV lithography and deposited with electron beam evaporation.
X-ray Magnetic Circular Dichroism microscopy (XMCD)
The XMCD-PEEM (Photo-Emission Electron Microscopy) experiments were conducted at room temperature at the following beamlines on the SPELEEM III microscope (Elmitec GmbH) : CIRCE beamline, Alba synchrotron, Barcelona, Spain [44, 45] ; Nanospectroscopy beamline, Elettra synchrotron, Basovizza, Trieste, Italy [46] ; I06 beamline, Diamond Light Source, Didcot, United Kingdom.
Micromagnetic simulations
The micromagnetic simulations were carried out with the micro3D code [39] using the parameters given in Table I . The geometry consists of a 1040×560×0.9 nm 3 rectangle with a cell size of 3.2×3.2×0.45 nm 3 . An out-of-plane external field µ 0 H z = -5.4 mT is applied to set the skyrmion radius equal to the experimental one (78 nm) and thermal fluctuations are neglected. Periodic boundary conditions are considered along the track width to mimic the experimental conditions and to avoid edge boundary effects. Both DL-SOT and FL-SOT were implemented in the code and the explicit expression of the LLG equation used reads
where γ 0 = µ 0 γ, m is the reduced magnetisation vector, H ef f the effective magnetic field that includes all the micromagnetic energies (exchange, anisotropy, magnetostatic, DMI and Zeeman) and H DL and H F L the effective fields associated with he DL-SOT and FL-SOT respectively. They can be written H DL = C DL ((ẑ × J) × m) and H F L = C F L (ẑ × J) with the axis defined in Fig.3 , J being the current density vector [47] . In the simulations including disorder, the average grain size is 30 nm and the anisotropy is varied randomly between (1 ± 0.05)K u .
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Supplementary Information
S.1. SAMPLE CHARACTERISATION
This section presents the measurement of the different parameters used to calculate the analytical skyrmion velocity and Skyrmion Hall Angle (SkHA) and in the micromagnetic simulations. At t Co = 0.6 nm, the large Perpendicular Magnetic Anisotropy (PMA) leads to a square hysteresis loop, indicating that the sample is fully magnetised at remanence. When increasing the Co thickness, the decrease in the PMA combined with the larger demagnetising field lead to a bended loop characteristic of a reversal involving multi-domain states. A decrease in the magnetisation at remanence is observed around t Co = 0.85 nm, indicating the presence of stripe domains at zero field. Fig.S1 .b. displays the normalised remanence, obtained from the zero-field pMOKE amplitude, as a function of the Co thickness. It shows the decrease in the anisotropy for increasing t Co and the transition between perpendicular and in-plane magnetic anisotropy (PMA and IPA) for t Co ≈ 0.95 nm. The experiments on the skyrmion dynamics are done for t Co ≈ 0.9 nm.
S.1.2. Spontaneous magnetisation, effective anisotropy and Dzyaloshinskii-Moriya
Interaction measurements
The spontaneous magnetisation and the effective anisotropy were measured using a Super- In order to measure the Dzyaloshinskii-Moriya Interaction (DMI) parameter D, we performed Brillouin Light Scattering (BLS) experiments on the same sample. The principle of the technique is the following : the magnetisation is saturated in the film plane by an external magnetic field and spin waves (SW) propagating along the direction perpendicular to this field are probed by a laser with a well-defined wave vector k SW . The DMI introduces a preferred handedness an therefore leads to an energy difference between two SW propagating with opposite wave vectors.
This energy difference corresponds to a shift in frequency :
where f S and f AS are the Stokes (a SW is created) and Anti-Stokes (a SW was absorbed) frequencies respectively. This frequency shift is directly related to the DMI by the following relation : ∆f (k SW ) = 2γk SW D/ (πM s ) with γ the gyromagnetic ratio [1] . Fig.S2 .a. displays a BLS spectrum measured for an in-plane external field µ 0 H = 0.6 T and for k SW = 20.45 µm −1 . It shows the S and AS peaks with f S > 0 and f AS < 0 respectively. The frequency shift ∆f is obtained from a Lorentzian fit (red line) of the experimental data. These measurements are performed for several wave vectors (see Fig.S2.b, black squares) . The DMI is then extracted from the linear fit ( Fig.S2.b , red line). We find D = −1.27 ± 0.04 mJ.m −2 . In these experiments, a negative value for D indicates a left-handed chirality, consistently with our previous work [2] . Note that using BLS, it is not We find A = 16 ± 6 pJ.m −1 , a value in agreement with those found in the literature for ultrathin Co films [4, 5] . We note the imprecision on the estimation of A given the uncertainty on the domain width measurement. To support these findings, we note that the exchange constant can also be extracted from BLS measurements (section S.1.2), more precisely from the dependence of the Stokes and Anti-Stokes frequencies (f S and f AS ) on the SW wave vector. Fig.S3 .b displays the measured f S and f AS . Using the model given in ref. [1] , we plot the analytical values of the two frequencies (solid lines) corresponding to A = 16 pJ.m −1 . The dashed lines illustrate for each frequency the uncertainty on the exchange constant. A good agreement is found in the range of A values extracted from domain width measurements and the best fit is found for A = 16 pJ.m −1 .
This confirms the relevance of using this value of the exchange constant in the simulations and the analytical calculation of the skyrmion velocity and SkHA.
S.1.4. Experimental skyrmion size
From XMCD-PEEM images, we can extract an average diameter for the skyrmions. For deformed skyrmion, we calculate an effective diameter assuming an elliptical shape. Fig.S4 displays a histogram of the effective skyrmion diameter measured for a large number of skyrmions under an out-of-plane external field µ 0 H z = -5 mT. From a Gaussian fit (solid line), we extract an average diameter d Sk = 156 ± 60 nm, where the error is the sum of the standard deviation and the systematic measurement error. This dispersion is a consequence of the disorder and inhomogeneities inherent to granular films that affect the skyrmion size and morphology [6, 7] . with γ the gyromagnetic ratio, Δ= A/K ef f the DW width and α the damping parameter [4] .
Experimentally, we find m = 2.2 m.s −1 .mT −1 . We extract Δ= 5 nm from our material parameters using A = 16 ± 6 pJ.m −1 (see section S.1.4) and the measured effective anisotropy K ef f = 6.7×10 5 J.m −3 for this sample. A fit in the flow regime yields α = 0.39 ± 0.08 when taking into account the uncertainty on A. However, using the expression in the precessional regime would lead to an unphysical complex value for the damping. This implies that the DW dynamics in the observed linear regime is in the flow regime. This is consistent with the large DMI measured (section S.1.2) since the Walker field increases with increasing DMI [8] . 
S.1.6. Spin-orbit torques measurements
To determine the Damping-Like (DL) and Field-Like (FL) Spin-Orbit Torques (SOTs), we performed quasi-static harmonic Hall voltage measurements on a Ta(3)/Pt(3)/Co(0.9)/MgO(0.9)/Ta (2) film (thicknesses in nm) at room-temperature. The film is patterned into a device consisting of a 5-µm-wide cross (see Fig.S6.a ). An AC current of frequency ω/ (2π) = 10 Hz is injected alonĝ The principle of the measurement is the following : the amplitude of these effective fields is compared to that of an external field. The external field H ext = cos (ϕ)x + sin (ϕ)ŷ is rotated in the sample plane and the transverse harmonic resistances are measured for 0 ≤ ϕ ≤ 2π. Using a spherical coordinate system as defined in Fig.S6 .a, the first harmonic expression of the Hall resistance can be written as R ω H = R ω AHE cos (θ) + R ω P HE sin 2 (θ) sin (2ϕ) [10] . This expression provides the equilibrium position of the magnetisation, which depends on the first harmonic anomalous and planar hall coefficients, R ω AHE and R ω P HE respectively. The second harmonic resistance R 2ω H consists of the FL, DL and thermal components R 2ω F L , R 2ω DL and R 2ω ∇T respectively, such that
∇T can be separated based on their distinct ϕ-dependence. The FL-SOT and DL-SOT effective fields can be further obtained from these two terms by considering their dependence on the total magnetic field acting on the magnetisation. One one hand, the action of the FL-SOT on the magnetisation is equivalent to that of an in-plane magnetic field and one can show that R 2ω F L ∝ 1/H ext . On the other hand, the DL-SOT effective field depends on the magnetisation orientation and since the Co exhibits perpendicular magnetic anisotropy, the action of both external and anisotropy fields needs to be taken into account to extract the DL-SOT. Then, one can show that R 2ω DL + R 2ω ∇T ∝ 1/(H ext −H K ). Fig.S6 .b and c display the dependence of these two terms.
The DL and FL components are then extracted from the slope in the linear regime (red lines) and found to be C DL = 2.1 mT per 10 11 A.m −2 and C F L = 0.9 mT per 10 11 A.m −2 respectively. These experiments provide a direct measurement of the SOTs. Therefore, the value of the DL-SOT effective field can be used to calculate the skyrmion velocity predicted by the model (equation (2) in the main text) and the measured ration C F L /C DL can be implemented directly in the micromagnetic code. This way, it is not required to estimate the pin Hall angle, which would constitute an additional source of error.
S.2. MICROMAGNETIC SIMULATIONS AND ANALYTICAL MODEL
S.2.1. Initial skyrmion state
We now have all the parameters required to run the micromagnetic simulations. Using all the aforementioned parameters, we obtain the initial state displayed in Fig.S7 .a. The magnetic field was tuned to obtain the same skyrmion size at rest as in the experiments : for µ 0 H z = -5.4 mT, we find a radius of 78.8 nm in quantitative agreement with the observations (section S.1.4). In ). The red solid line is a fit using two 180°Bloch DW profiles. From this fit, we extract the DW width parameter Δ = 11.5 nm and the skyrmion radius at rest R = 78.8 nm.
S.2.2. Influence of the Field-Like Spin-Orbit Torque (FL-SOT)
Here, we discuss the influence of the FL-SOT on the disorder-free skyrmion dynamics. We considered different values of the ratio C F L /C DL : 0, 0.45 (the measured value) and 1 (see section S.1.6
for their definition). The corresponding skyrmion velocity and SkHA obtained from micromagnetic simulations are plotted in Fig.S8.a and b respectively. It shows that, even for FL-SOT amplitudes two times larger than the value measured in our system, its effect on the skyrmion dynamics is negligible in the range of current density considered. Therefore, the FL-SOT cannot account for the velocity-dependence of the SkHA observed experimentally. Furthermore, as highlighted in Fig SkHA Θ SkH obtained from micromagnetic simulations in a disorder-free film for different values of the ratio C F L /C DL . c. Snapshot of a skyrmion after 5 ns computation time for J = 6.5×10 11 A.m −2 and for different C F L /C DL values. d. Evolution of the skyrmion size with the current denisty (at 5 ns). The size is defined as the total area for which m z > 0 (in red in c.) normalised by the skyrmion area at rest.
